Children from Grades 2, 3, 4, 6, and 8 (7.8, 9.2, 9.8, 11.7, and 13.6 years old, respectively) made speeded, bimanual parity (odd/even) judgments of the Arabic numerals 0 -9. Analysis of response times indicated that from fourth grade on, parity information is retrieved directly from memory rather than being extracted by means of a mental
Over 30 years ago, in a cut on his comedy album Why is There Air? entitled "Kindergarten," Bill Cosby reminisced about how his teacher was trying to get his class to understand that "1 and 1 is 2." His reply at the time was, "1 and 1 is 2. Yeah, right, that's cool man. 1 and 1 is 2 . . . What's a 2?" While we do not endorse the following narrative as a suitable pedagogical response to Cosby's query, we believe it is important to point out that, among other things, 2 can stand for two different objects, or second place in a horse race; 2 also represents the prototypical number of eyes, ears, arms, and legs we humans possess; 2 can denote a pair, couples come in 2s, and it is the age at which children putatively turn terrible; 2 comes after 1 and before 3; it is the sum of 1 ϩ 1; it is an even number; any other number that can be divided evenly by 2 is by definition an even number; 2 can stand for the "square" of any base number; it is the only even prime number; and numbers 1 less than perfect squares are the products of two whole numbers which always differ by 2 (e.g., 16 Ϫ 1 ϭ 15 ϭ 3 ϫ 5, or 9 Ϫ 1 ϭ 8 ϭ 2 ϫ 4). Obviously, at least for cognitive psychologists, 2 is a number that symbolizes many different things, including both quantitative and nonquantitative properties that are stored in semantic memory. Furthermore, as Dehaene and Cohen (1995) have pointed out, people have an almost encyclopedic knowledge of certain numbers, such as famous dates (e.g., 1776, 1929, or 1941) .
Despite some notable advances in the study of numerical cognition over the past 20 years, our knowledge is far from complete with respect to understanding how mental representations of numbers change with age or how the strategies used by children for extracting various features of numbers vary according to the requirements of the task. Consequently, the present study was designed to shed some light on developmental changes in one fundamental property of numbers: their parity or odd/even status. The method employed in this experiment is deceptive in its ostensible simplicity, that is, asking children to make speeded, bimanual odd/even judgments of the Arabic numerals 0 -9. However, it will become clear that decomposition of the response times (RTs) for making such judgments can provide a host of important insights into the nature of children's evolving knowledge of number.
Before describing the specific paradigm used in the present study, it is necessary to review relevant theoretical issues and empirical findings regarding the acquisition and comprehension of the concept of parity. These themes are crucial for providing a context in which to interpret the rather extensive array of results that emerged from this experiment. Therefore, we first review in some detail the handful of studies that have explored children's comprehension and use of parity information, including a critical analysis of the inconsistencies that have emerged from different paradigms. This is followed by a thorough description of the online, bimanual response paradigm we employed in the present experiment, including an explanation of its utility for illuminating (a) the means by which parity information is extracted from Arabic numerals and (b) developmental changes in the functional cognitive architecture of numerical representations.
Development of the Concept of Parity
Comparatively few empirical studies exist which have examined the nature of children's conceptions of parity information. Moreover, the paradigms used to date have permitted only indirect examination of this topic, either by assessing whether parity serves as a basis for judging the similarity of Arabic numerals to one another or by ascertaining if children use a plausibility strategy based on the matching of odd/even status to bypass a retrieval process for verifying the truth or falsity of a simple mathematical equation. Nevertheless, we review here in some detail those studies that have been reported, as they raise issues that are crucial with respect to the logic of the present experiment.
Multidimensional scaling and clustering of similarity judgments. Miller and Gelman (1983) presented triads of single-digit integers to kindergartners, third graders, sixth graders, and adults, asking them to judge which two are most closely related to each other and which two are least closely related. Use of nonmetric multidimensional scaling (MDS) techniques and a nonhierarchical clustering technique suggested that kindergartners and third graders based their judgments exclusively on magnitude information. It was not until the sixth grade that children began to rely on the odd/even dimension at all; even among sixth graders, parity was subordinated to magnitude information. In contrast, while adults (graduate students and faculty) were still quite sensitive to magnitude, this feature was subordinated to odd/even relations. Miller (1992) subsequently reanalyzed these data using an individual differences MDS model, permitting a more direct assessment of the weighting that groups of participants at different ages placed on the dimensions of magnitude and parity. This approach confirmed that both kindergartners and third graders placed very little emphasis on odd/even information; sixth graders showed a larger weight on this dimension, but still less than they did on magnitude, while adults placed slightly more weight on odd/even than on magnitude. With respect to the finding for adults, Miller pointed out that this is especially interesting, given that parity information is not represented distinctively in the base-10 system of Arabic numerals. He concluded that odd/even relations "fall out" of specific uses of numbers, such as counting by 2s and multiplying, and that new applications of numbers affect the developing child's understanding of what constitutes a number.
Both Miller and Gelman (1983) and later Miller (1992) interpreted their findings as showing young children's insensitivity to multiplicative relations, and others reviewing their work have basically drawn the same conclusion (Resnick & Singer, 1993; Sophian, 1995) . Of course, this view is based on the supposition that odd/even status is arrived at by a mental calculation strategy, such as determining whether a given number is a multiple of 2. However, this may not constitute the way in which children actually extract parity information from Arabic numerals.
Plausibility judgments in verification tasks. Using a product verification task, Krueger (1986) found that adults exhibited shorter RTs in rejecting an incorrect product of two single-digit Arabic numerals if its odd/even status mismatched rather than matched that of the correct product (e.g., faster in judging "8 ϫ 7 ϭ 59" as incorrect than "8 ϫ 7 ϭ 58"). Similarly, a related experiment by Siegler (1988) provided some evidence of a sensitivity to parity information in third graders in the context of an arithmetic (multiplication) production task with single digits.
As Lemaire and Fayol (1995) subsequently pointed out, Siegler's results are inconsistent with those of Miller and Gelman (1983) with respect to the salience of parity in children's numerical cognition. In an attempt to resolve this issue, these investigators explored conditions under which plausibility judgments based on parity information might supersede fact retrieval in a product verification task with single-digit multiplicands. By manipulating problem difficulty and stimulus onset asynchrony (SOA) of the products, they found that even third graders showed the effect that Krueger (1986) had originally demonstrated with adults. Furthermore, the effect emerged for these children whether the problems were easy or difficult, whereas fourth and fifth graders, like adults, exhibited the effect only for difficult problems. These findings, together with the SOA data, led Lemaire and Fayol (1995) to conclude that even young children can use plausibility judgments based on parity information to make fast-no decisions that can supersede fact retrieval. Furthermore, the developmental changes suggested that with increasing age, children are less likely to use a plausibility strategy if they can retrieve the multiplication facts more quickly from long-term memory.
Resolving the inconsistencies between paradigms. On the face of it, the findings of Lemaire and Fayol appear to be even more incompatible with those of Miller and Gelman (1983) than were Siegler's (1988) . How can third graders be both insensitive to multiplicative relations when making similarity judgments among single digits, yet successfully access parity information, and rather quickly, when attempting to verify the falsity of a product of single-digit integers? Admittedly, even Miller and Gelman pointed out that they were not asserting that children are "unaware" of the odd/even status of single-digit numbers, but rather that they do not seem to consider this kind of numerical relation as a fundamental attribute to be employed when judging similarities between numbers. Yet in a similarity judgment task, not only must parity information be considered a basic characteristic of numbers, it must also be salient enough to override the feature of magnitude, which as Miller (1992) subsequently showed is even quite strong in adults. Furthermore, although the similarity judgment task used by Miller and Gelman is not a speeded procedure, the seemingly automatic if not obligatory accessing of magnitude information would likely make it difficult for young children to use odd/even status as a basis for judging similarity, even if they did comprehend the notion of number parity and were capable of accessing this information fairly rapidly. In contrast, the magnitude of the multiplicands in a product verification task cannot be used to render a plausibility judgment of the truth or falsity of an alleged product (except in extreme cases that are not used in this paradigm). Therefore, magnitude information would be unlikely to suppress or interfere with the retrieval of parity information in this type of task.
A potential resolution of the seemingly inconsistent findings described above can be achieved in part if one considers the possibility that parity information is extracted from Arabic numerals by some means other than the use of a multiplicative strategy. Indeed, Lemaire and Fayol (1995) concluded that their data demonstrate direct access to parity information, presumably from a semantic store of numerical properties, which helps individuals bypass retrieval of multiplication facts from long-term memory. If this interpretation is correct, parity information may be represented in children's semantic memory as early as the third grade. One of the major objectives of the present study was to test this hypothesis by requiring direct, online judgments of the odd/even status of Arabic numerals.
The bimanual response paradigm. In a series of experiments with college students, Dehaene, Bossini, and Giraux (1993) made use of a bimanual response paradigm for investigating online parity judgments. The Arabic numerals 0 -9 were presented in a random sequence, and the participants had to judge whether any given number was odd or even, indicating their choices by pressing appropriately labeled response keys (spaced 26 cm apart) with the index fingers of their left and right hands. The primary objective of the study was to ascertain the manner in which parity information is extracted from Arabic numerals. Although there are many ways in which this might occur, the two principal candidates are (a) use of a mental calculation strategy, such as divisibility by 2 (Clark & Campbell, 1991) , and (b) direct retrieval from semantic memory (Dehaene et al., 1993) . Dehaene et al. reasoned that if people classify a number as odd or even by mentally dividing it by 2, then numerical magnitude should influence RTs in a manner similar to that in single-digit arithmetic problems, in which the time needed for solution consistently has been found to increase directly with the size of the operands (Ashcraft, 1992 (Ashcraft, , 1995 . However, this problem-size effect did not emerge in the parity judgment task of the Dehaene et al. study. Moreover, their detailed analysis and comparison of response times for individual numbers (Experiment 1) yielded evidence that parity information is extracted by direct retrieval from memory, where it is stored along with other semantic properties (e.g., whether or not a given number is a power of 2 or a prime number).
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An unanticipated yet intriguing effect concerning the activation of magnitude information also emerged from this study of parity judgments. Before we describe this finding, it must be pointed out that the assignment of odd and even to the left-and right-hand response keys was reversed halfway through the experimental session. Analysis of response times revealed a significant interaction between number magnitude and side of response. Further inspection of the data indicated that large numbers had a 30-ms advantage when the correct response was on the right side, while small numbers had about a 30-ms advantage when the correct response was on the left. Dehaene et al. described this result as a kind of double dissociation in which large is associated with right and small with left, and they designated this result the Spatial-Numerical Association of Response Codes, or SNARC, effect.
The emergence of the SNARC effect confirms that magnitude information is arrayed in an analog format along a left-to-right oriented mental number line (see Dehaene, 1992 , for a review of the relevant literature). That is, large numbers are responded to faster with the right hand (and small numbers faster with the left hand) by virtue of the correspondence between the spatial location of a given number's analog code on the mental number line and the spatial location of the correct response key (a kind of mental Simon effect; Simon & Rudell, 1967) .
THE PRESENT STUDY
We decided to employ the bimanual response paradigm for studying developmental changes in the processing of parity information. Based on the successful use of this approach with adults, we reasoned that through careful examination of several kinds of response-time patterns, we could ascertain whether various parity and magnitude effects might emerge at specific grade levels, and to what extent, if any, developmental changes in these effects might be evident. Specifically, the following questions motivated this research. Do children extract parity information from Arabic numerals by mentally calculating divisibility by 2, by direct retrieval from semantic memory, or by some other means? Is magnitude information accessed automatically and obligatorily by children during a parity judgment task? If so, how early does the SNARC effect emerge?
Method

Participants
The participants were 165 predominantly White, middle-class children drawn from Grades 2, 3, 4, 6, and 8 at two parochial schools in Cincinnati, Ohio. The mean age of the second graders was 7 years 9 months (range ϭ 6 years 4 months to 8 years 5 months; 11 boys and 17 girls); for third graders, the mean age was 9 years 2 months (range ϭ 8 years 4 months to 10 years 1 month; 9 boys and 10 girls); fourth graders' mean age was 9 years 10 months (range ϭ 9 years 2 months to 10 years 8 months; 21 boys and 29 girls); the mean age of the sixth graders was 11 years 8 months (range ϭ 8 years 2 months to 12 years 7 months; 24 boys and 17 girls); and for eighth graders, the mean age was 13 years 7 months (range ϭ 10 years 1 month to 14 years 8 months; 12 boys and 15 girls).
Apparatus and Materials
A microcomputer was used for controlling stimulus presentation as well as for recording response accuracy and RTs with 1-ms precision. The stimuli consisted of the Arabic numerals 0 -9, appearing white against a black background and presented successively in the center of the screen. All digits were 1.2 cm high and .7 cm wide, with the exception of the digit 1, which was .3 cm wide. Two response keys located on a computer keyboard and separated by 22 cm were labeled with the letter E for even and O for odd, as appropriate. All other keys were occluded.
Procedure
The children were asked to make odd/even judgments of the Arabic numerals 0 -9. There were a total of 80 trials (two blocks of 40 each) for second and third graders and 120 trials (two blocks of 60 each) for fourth, sixth, and eighth graders. For both the 80-trial and the 120-trial versions, the order of the numbers was randomized with the restriction that no more than three odd or even numbers appear in succession, and that any given number not be presented consecutively. The same sequence of stimulus trials was used for all participants (within the short and long versions). A trial began with the word Ready appearing on the computer screen. One second later, a fixation point, a small cross, appeared in the center of the screen for a duration of 750 ms. Immediately following the offset of the cross, the target number appeared, remaining there until either the child responded or 7 s elapsed. A 1-s intertrial interval separated each number from the next Ready signal. Responses were bimanual, with children pressing one of two response keys with the index fingers of their left and right hands. They were instructed to respond as quickly as possible without making errors. They were also told that they would not receive feedback regarding the accuracy of their responses.
For one subgroup at each grade level, the label for odd (O) was initially assigned to the left response key and the label for even (E) to the right response key. Then after this first block of trials (40 for the second and third graders and 60 for the other grade levels), the key assignments were switched. The key assignments were also reversed for the other subgroup, who began with the opposite arrangement. Ten practice trials were administered prior to each trial block to familiarize the children with the key assignments. For second graders only, the first set of practice trials was preceded by a pretest designed to assess whether they had at least a rudimentary understanding of how to classify numbers as odd or even. To begin with, the children were asked to count from 1 to 9, stopping after each number to say whether it was odd or even. Immediately afterward, they were asked if 0 is odd or even. Then, regardless of their level of accuracy in this portion of the pretest, they were administered the first 10 practice trials. A child did not continue on to the main experimental task if he or she failed to differentiate odd from even during the counting trials or was incorrect on 5 or more of the practice trials. Four second graders did not proceed to the main test trials based on the first criterion, and seven more based on the last. The data of one additional second grader was not included in the analyses because while successfully managing to make it through the first set of practice trials, the child was unable to focus enough throughout the remainder of the session to stay on task.
Results and Discussion
Overview
As our primary interest was in examining whether or not an assortment of specific effects were exhibited for each of the age groups, separate ANOVAs were performed on the RT data for each grade level. To simplify the presentation of these findings along with the outcomes of other relevant analyses (pairwise comparisons, tests for linear trend, etc.), the major effects we examined are described briefly below in the sequence in which they are reported at each grade level, along with the types of statistical tests used. Additionally, just prior to the RT analyses, the error data are presented and discussed with respect to these same effects, where appropriate.
Basic ANOVA. Initially, for each child, an overall mean RT based on correct responses only was computed across all trials. Next, these data were trimmed by discarding RTs greater than three SDs above each child's overall mean. Then for every participant, mean correct RTs were computed separately for each Arabic numeral when the correct response was on the left side and when it was on the right. Finally, at each grade level, these data were entered into a 2 (gender: male or female) ϫ 2 (order of blocks) ϫ 2 (parity: odd or even) ϫ 5 (magnitude: 0 -1, 2-3, 4 -5, 6 -7, 8 -9) ϫ 2 (side of response: right key or left key) ANOVA, with repeated measures on the last three factors. Children with missing data (which primarily occurred for responses on one side only) were automatically dropped from the ANOVA by the statistical package (SYSTAT). For the second, third, fourth, sixth, and eighth grades, 13, 1, 6, 3, and 1 cases, respectively, were excluded. However, the accuracy data for all children were included in the error analyses. Finally, all reported differences are significant to at least the .05 level, unless otherwise noted.
Speed-accuracy trade-off. To assess the possibility of a speed-accuracy tradeoff at each grade level, a correlation was computed between RTs and errors over the 20 cells of the design (i.e., two possible correct response sides for each of the 10 numerals). This analysis was carried out only for those children whose latency data were used in the omnibus ANOVA. No evidence of a speed-accuracy trade-off (i.e., a significant negative correlation) emerged at any grade level.
Parity effect. Both errors and RTs for classifying numbers as odd or even were compared in order to determine at which grade levels, if any, children exhibited a parity effect, that is, fewer errors and/or faster RTs for "even" responses (see Fig. 1 ).
Problem-size effect. Dehaene et al. (1993) suggested that if parity is computed by a mental calculation strategy, such as multiples of 2 (Clark & Campbell, 1991) , then RTs for making parity judgments should be directly correlated with the time needed to retrieve the corresponding facts from a tablelike network in long-term memory. As time to access such multiplication facts generally increases with the size of the operands (Stazyk, Ashcraft, & Hamann, 1982) , Dehaene et al. reasoned that responses to the numbers 0, 1, 2, 3, 4 should be faster than those made to 5, 6, 7, 8. They also included 9 in the group of smaller numbers because of prior evidence demonstrating that multiplicative facts based on "tied" multipliers can be accessed quite easily by adults (e.g., Miller, Perlmutter, & Keating, 1984) .
To determine whether our child subjects exhibited a problem-size effect, t tests (one-tailed) were used at each grade level to compare mean RTs for two sets of numerals: a smaller valued set that included the numbers 1, 2, 3, 4, and a larger valued set that included 5, 6, 7, 8, 9 . In contrast to Dehaene et al., we chose to put 9 in the larger valued grouping because multiplicative facts based on tied multipliers may not be accessed by children as easily as by adults. Furthermore, given that RTs for judging 0 as an even number are comparatively slow even for college students (Dehaene et al., 1993) , we decided to exclude it from the smaller valued set to avoid negatively biasing the problem-size analysis.
Comparative speeds for classifying individual numbers. At each grade level, all possible pairwise comparisons between RTs for correct responses were conducted separately for the odd and even subsets. Familywise error rate (.05) was controlled through use of the Holm sequential Bonferroni procedure (Seaman, Levin, & Serlin, 1991) . Of interest was whether numbers that share common semantic properties, such as powers of 2 or prime numbers, would be correctly classified faster than numbers not possessing such features (Dehaene et al., 1993) . For example, Dehaene et al. found that adults' responses to even numbers that are powers of 2 (2, 4, and 8) were faster than those to the even numbers that are not (0 and 6). With respect to odd numbers, these investigators reported a quadratic trend in RTs as a function of target magnitude, in which the prime numbers 3, 5, and 7 were classified faster than 1 and 9, which are not prime numbers. They argued that as there is only one even prime number (2), odd prime numbers may elicit a comparatively fast response of "odd." SNARC effect. A SNARC effect can be illustrated graphically by a downward trend in RT differences between right-key and left-key responses (going from positive to negative values) as magnitude of the target number increases (see Fig.  2 ). Statistically, a SNARC effect would be evidenced by a significant interaction between magnitude and side of response. If such an interaction emerged at any grade level, a polynomial contrast for linear trend was computed for the right-key minus left-key differences as a function of target magnitude. If this overall contrast was nonsignificant, then linear trend tests were carried out separately for the odd and even subsets.
MARC effect. It has been found that in making parity judgments of number words, but not Arabic numerals, "odd" number words (e.g., five) are associated with faster left-key than right-key responses, while "even" number names are associated with faster right-key than left-key responses (Iversen & Willmes, 1996) . The explanation for this so-called MARC (Markedness Association of Response Codes) effect is that it represents a compatibility between the linguistically marked adjectives "left" and "odd" and the unmarked adjectives "right" and "even".
1 Graphically, this would be illustrated by positive values (i.e., above 1 It is interesting to note that this relationship is just the opposite of that proffered by the Pythagoreans, who associated odd numbers with the right side and even numbers with the left (Schimmel, 1993) .
FIG. 2.
Mean RT difference (right key minus left key in milliseconds) for parity judgments of the Arabic numerals 0 -9 at each grade level. It should be noted that the ordinate values generally decline with increasing grade level in terms of both the absolute durations of the RT differences and the range. the neutral line in Fig. 2 ) for odd numbers, and negative values (i.e., below the neutral line) for even numbers. Statistically, this effect would be evidenced by a significant interaction between parity and side of response. If this interaction emerged at any grade, then separate paired t tests were used to determine whether the MARC effect occurred for the odd and/or even subsets.
Second Grade
The mean overall error rate for second graders was 16.2%. Mean error rates for odd and even numbers were equivalent (15.9% and 16.4%, respectively), indicating that there was no effect of parity. Mean error percentages for the numbers 0 -9 were 31, 20, 12, 11, 9.5, 16.5, 18, 16, 16, 16 , respectively. Thus, errors tended to be greatest for the numbers 0 and 1. The mean error rate for the larger valued numerals, 16.6%, was only slightly greater than that for the smaller valued numerals, 13.8%.
Mean RTs for parity judgments of the Arabic numerals 0 -9 are shown in Fig.  1 , plotted separately for odd and even subsets. Before describing the outcomes of the various statistical analyses of these data, we wish to underscore that the mean values illustrated here (and in Fig. 2 ) may not be especially stable or accurate. This may be attributable to (a) the comparatively high level of both between-trial and between-subject variability for this age group and/or (b) the comparatively small number of observations (four) contributing to each cell of the matrix defined by the factors of parity, magnitude, and side of response. Moreover, these data represent only 54% of the original sample of second graders, as fully 13 of 28 children were dropped from the analysis of RTs due to missing data. Consequently, the following results must be interpreted with caution. Although the main effect of parity was nonsignificant, the parity ϫ magnitude interaction was significant, F(4, 44) ϭ 2.79, indicating that RTs were faster for even than for odd numbers at some but not all levels of magnitude. The main effect of magnitude itself was nonsignificant, as was a comparison of RTs for smaller and larger valued groupings. Separate pairwise comparisons within the odd and even targets likewise yielded no significant differences.
Inspection of Fig. 2 provides no evidence of a downward trend for right-key minus left-key RT differences with increasing target magnitude for second graders. Consistent with this observation, the Magnitude ϫ Side of Response interaction was nonsignificant, indicating that a SNARC effect did not emerge at this grade level. Additionally, there was no evidence of a MARC effect.
Third Grade
The mean overall error rate was 3.8% for third graders. Mean error rates for odd and even numbers were equivalent (3.8% and 3.7%, respectively), thus showing no evidence of a parity effect. Mean percentage errors for the numbers 0 -9 were 5.3, 2.6, 3.2, 4.0, 2.1, 2.0, 2.6, 2.0, 6.0, 8.6, respectively. Thus, in contrast to the second graders, errors tended to be greatest for the two largest numbers, 8 and 9, followed by 0. There was no evidence of a problem-size effect, with mean error rate for the smaller valued numbers just slightly less than that of the larger valued numbers (3.1% and 4.2%, respectively).
The main effect of parity was significant, F(1, 14) ϭ 5.81, demonstrating that, as can be seen in Fig. 1 , RTs were generally faster for even than for odd numbers. Comparison of RTs for smaller valued and larger valued targets (M ϭ 1031 ms, SD ϭ 251 ms, and M ϭ 1127 ms, SD ϭ 352 ms, respectively) yielded a significant difference in favor of the former, t(17) ϭ 2.46, suggesting a problemsize effect. Although the main effect of magnitude was also significant, F(4, 56) ϭ 2.66, there were no differences between any pair of numbers within either the odd or the even subsets and no significant linear or quadratic trends within these subsets. Figure 2 suggests a general downward trend of RT differences with increasing target magnitude, characteristic of the SNARC effect. Supporting this observation, the Magnitude ϫ Side of Response interaction was significant, F(4, 56) ϭ 3.72, as was the linear contrast for this interaction, F(1, 14) ϭ 7.58. To make a more detailed assessment of the SNARC effect, we examined whether there was an overall linear trend for magnitude. This linear contrast was indeed significant, F(1, 17) ϭ 9.79, providing the first evidence of a SNARC effect in children, and demonstrating that it emerges as early as the third grade.
Finally, the interaction between parity and side of response was nonsignificant, indicating that a MARC effect did not occur at this grade level.
Fourth Grade
The mean overall error rate for fourth graders was 5.6%. Mean error rates for odd and even numbers were comparable (5.2% and 6.0%, respectively), indicating no odd/even effect. Mean percentage errors for the numbers 0 -9 were 16.0, 9.5, 3.8, 4.7, 1.6, 1.6, 5.2, 4.8, 6.0, 5.0, respectively. Thus, consistent with the results for the second graders, errors tended to be greatest for the numbers 0 and 1. There was no evidence of a problem-size effect, with mean error rate being comparable for the smaller and larger valued number sets (4.7% and 4.6%, respectively). Although the main effect of parity was not significant, the interaction between parity and magnitude was, F(4, 160) ϭ 6.89. This finding indicates, as shown in Fig. 1 , that RTs were faster for some even numbers, namely 2, 4, and 8, but slower for others, namely 0 and 6. Comparison of RTs for smaller and larger valued targets (M ϭ 866 ms, SD ϭ 141 ms, and M ϭ 876 ms, SD ϭ 147 ms, respectively) yielded no difference, and thus no evidence of a problem-size effect. The main effect of magnitude was significant, F(4, 160) ϭ 7.36, and pairwise comparisons yielded the following outcomes: for even numbers, 2 Ͻ 0, 4 Ͻ 0, 4 Ͻ 6, 8 Ͻ 6; there were no differences between any pair of odd numbers.
As can be seen in Fig. 2 , there is a downward trend in RT differences, suggesting a SNARC effect. A significant Magnitude ϫ Side of Response interaction, F(4, 160) ϭ 6.68, provided statistical evidence for this effect, as did the significant overall linear contrast for magnitude, F(1, 43) ϭ 8.32. The interaction between parity and side of response was nonsignificant, indicating that there was no MARC effect at this grade level.
Sixth Grade
The mean overall error rate for this grade level was 4.6%. Mean error rates for odd and even numbers were equivalent (4.7% and 4.5%, respectively), again providing no evidence for a parity effect. Mean percentage errors for the numbers 0 -9 were 13.4, 8.6, 2.8, 4.2, 2.2, 2.9, 2.8, 3.2, 3.0, 4.2, respectively. As with second and fourth graders, errors for sixth graders tended to be greatest for the two smallest numbers. There was no evidence of a problem-size effect, with mean error rate for the smaller valued numbers somewhat greater than that of the larger valued numbers (4.4% and 3.3%, respectively).
Analysis of the RT data revealed that the main effect of parity was significant, F(1, 34) ϭ 5.35, with correct responses to even numbers faster than those to odd numbers. Comparison of RTs for smaller and larger valued targets (M ϭ 676 ms, SD ϭ 127 ms, and M ϭ 682 ms, SD ϭ 125 ms, respectively) yielded a nonsignificant difference, suggesting that there was no problem-size effect. The main effect of magnitude was significant, F(4, 136) ϭ 8.62, and pairwise comparisons revealed that while there were no differences between any pair of odd numbers, there was a significant quadratic trend, F(1, 40) ϭ 5.51. As can be observed in Fig. 1 , this trend reflects slower responses to 1 and 9 than to 3, 5, or 7. There were significant differences between even numbers, with relative speeds similar to those of fourth graders: 2 Ͻ 0, 4 Ͻ 0, 8 Ͻ 0, 2 Ͻ 6, 4 Ͻ 6. Figure 2 shows a downward trend for odd numbers, but the trend for even numbers does not appear to show much of a decline. The overall Magnitude ϫ Side of Response interaction was nonsignificant, as was the overall linear trend for magnitude. However, the linear contrast carried out separately for odd numbers was significant, F(1, 40) ϭ 5.89, indicating a SNARC effect for this subset.
The interaction between parity and side of response was significant, F(1, 34) ϭ 6.12, providing evidence of a MARC effect. This can be seen in Fig. 2 , where RTs to even numbers are faster for right-key than for left-key responses (negative RT differences); but for odd numbers, RTs are faster for left-key than for right-key responses (positive RT differences). Separate paired t tests collapsed across magnitude yielded a significant difference for even numbers, t(40) ϭ 3.16 (one-tailed), and a marginally significant difference for odd numbers, t(40) ϭ 1.57, .05 Ͻ p Ͻ .10. These findings provide not only the first demonstration of a MARC effect in children, but also the first indication of a MARC effect with Arabic numerals in participants of any age.
Eighth Grade
The mean overall error rate for eighth graders was 3.7%. Mean error rates for odd and even numbers were equal (3.7%). Mean percentage errors for the numbers 0 -9 were 11.4, 6.8, 3.1, 3.7, 2.1, 1.6, 2.2, 3.7, 1.2, 2.4, respectively. Thus, as with second, fourth, and sixth graders, errors tended to be greatest for the two smallest numbers. There was no evidence of a problem-size effect, with mean error rate for the smaller valued numbers somewhat greater than that of the larger valued numbers (3.8% and 2.2%, respectively).
Although the main effect of parity was nonsignificant, the Parity ϫ Magnitude interaction was significant, F(4, 88) ϭ 9.18. As shown in Fig. 1 , this reflects that responses tended to be faster to even than to odd numbers, except for 0 and 6. RTs for smaller valued and larger valued targets were equivalent (M ϭ 599 ms, SD ϭ 93 ms, and M ϭ 597 ms, SD ϭ 95 ms, respectively). The main effect of magnitude was significant, F(4, 88) ϭ 28.96, and pairwise comparisons revealed that the differences among even numbers were similar to those of the fourth and sixth graders, with 2 Ͻ 0, 4 Ͻ 0, 6 Ͻ 0, 8 Ͻ 0, and 4 Ͻ 6. With respect to odd numbers, not only was there a significant quadratic trend, F(1, 26) ϭ 16.61, but there were also differences among individual odd numbers: 3 ϭ 5 ϭ 7 Ͻ 1.
Figure 2 reveals a downward trend for the odd numbers, but not for the even ones, suggesting at best a comparatively weak SNARC effect. Indeed, the Magnitude ϫ Side of Response interaction was nonsignificant, as was the overall linear trend for magnitude. However, when carried out separately for odd and even numbers, the linear contrast for odd was significant, F(1, 26) ϭ 7.23, demonstrating a SNARC effect for this subset of numbers.
The interaction between parity and side of response was nonsignificant, suggesting that there was no overall MARC effect. However, there was a significant three-way interaction between these two factors and order of blocks, F(1, 22) ϭ 6.93. Further examination of the data revealed that the MARC effect occurred for participants whose key assignments were "odd" on the left and "even" on the right for the first half of their session, but not for those receiving the reverse arrangement first. This finding may reflect that if odd-left and even-right constitute the more common arrangement (adult participants have sometimes reported that this arrangement is easier), the reverse arrangement in the second half of the session might seem even more peculiar. However, by receiving the uncommon arrangement first, the children might have adjusted more satisfactorily during the initial trials, and were subsequently less likely to be thrown off by being switched to the more common arrangement.
General Discussion
Overall Error Rates and RTs
Errors were relatively frequent among second graders, but declined markedly between Grades 2 and 3, remaining modest thereafter. The sizable decrease in errors from second to third grade was not unanticipated, given that more formal instruction concerning the concepts of odd and even does not typically begin until Grade 3. As can be observed in Fig. 1 , the decline in overall RTs for correct responses was approximately the same from second to third grade as from third to fourth and from fourth to sixth, while the decline from sixth to eighth grade was much smaller.
Extraction of Parity Information
Parity effect. There were no differences in error rates for odd and even numbers at any grade level. With respect to the RT data, although no overall parity effect (i.e., faster RTs for "even" responses) emerged for second graders, these children were faster at judging some even numbers than odd numbers. Third but not fourth graders exhibited a significant parity effect; however, the overall effect emerged again at the sixth-grade level. Finally, eighth graders responded more quickly to even than to odd numbers, but only at some levels of magnitude. (They were comparatively slow in judging the numerals 0 and 6.) Although we have not come up with a viable explanation for this developmental pattern, the evidence supporting a parity effect in adults is itself somewhat inconsistent. For example, although Hines (1990) was the first to report this odd/even effect (actually, a serendipitous finding), closer scrutiny of his paper reveals several procedural features that had a bearing on the reliability of the effect. (McCloskey, Maracuso, & Whetstone, 1992 , were the first to raise some of these issues about the Hines paper.) Specifically, Hines initially discovered the parity effect in the RT data from an experiment (Experiment 1) in which he had asked college students to judge whether pairs of single Arabic numerals were the "same" with respect to their odd/even status (i.e., both odd or both even) or "different" (i.e., one odd and one even). In other words, participants were significantly faster at classifying two even numbers as "same" than two odd numbers, a finding that has recently been replicated in our lab (Berch & Trich Kremer, 1998) . However, Hines found only a 5-ms (nonsignificant) advantage for single even Arabic numerals over single odd ones, despite significantly fewer errors for even responses. Conversely, he reported a significant speed advantage of even over odd for number words (Experiment 5), but a nonsignificant difference in errors (albeit in the expected direction). Dehaene et al. (1993, Experiment 1) subsequently demonstrated the parity effect with RTs for single Arabic numerals in college students who were literature majors (L group), but not in science/math majors (S group). In attempting to account for this differential pattern, they cited the frequent practice most people have experienced in skip counting with the series of even digits, especially by 2s. Only after extensive mathematical training, as their S group received, would this advantage for even numbers dissipate. If this hypothesis were correct, then one would expect that while the L and S groups should not differ in their overall RTs for judging the even numerals, the S group should be faster than the L group in judging the odd ones. Although Dehaene et al. did not make such a comparison, inspection of the relevant figure in their paper (Fig. 2) indicates that their results are indeed consistent with this explanation.
The problem-size effect in third graders. It was pointed out earlier that in the present study, overall RTs for odd/even classification declined with increasing grade level. This decrease most likely reflects either the more rapid implementation of a mental calculation strategy or faster retrieval of parity information from semantic memory. The occurrence of a problem-size effect is crucial for ascertaining the nature of the mechanism underlying the extraction of parity information. As it turns out, however, neither the error rates nor the RT data yielded evidence of a problem-size effect at Grade 2, 4, 6, or 8. Therefore, at these grade levels, it appears that children were not making parity judgments via a mental calculation strategy, such as divisibility by 2.
However, there was evidence of a problem-size effect at Grade 3, indicated by significantly slower RTs for the larger valued numbers than for the smaller valued ones. At first glance, and given the original rationale for adopting this effect as an index, one might conclude that third graders were in fact extracting parity information by mentally dividing by 2. Certainly, multiplication is commonly taught at this grade level, along with some aspects of division. Nevertheless, we disagree with this conclusion for several reasons. First, it is unlikely that using a strategy of divisibility by 2 would emerge at the third-grade level but not be evident during the later grades, where students should be more highly skilled at carrying out such mental calculations. Second, less emphasis is currently placed on drills in which children must recite (or write) multiplication and division facts. For example, in their summary of changes in emphasis in the K-4 mathematics curriculum, the National Council of Teachers of Mathematics (1989) standards specifically state that with respect to operations and computation, there should be decreased attention paid to isolated treatment of division facts (p. 21). Third, with the now common practice of using calculators in class, it is unlikely that third graders in the present experiment would have become proficient enough to continuously attempt to mentally divide each target number by 2, given the requirement of responding as quickly as possible. Fourth, if these children were using a mental calculation strategy, they should have classified 9 as rapidly as the smaller numbers, because 9 is the product of a tied number (3 ϫ 3) and thus should be easily accessed. Likewise, judgments of 9 should have been as fast as judgments of 4, the other product of a tied number (2 ϫ 2). However, as shown in Fig. 1 and supported statistically, third graders' RTs to 9 were slower than to 4, t(17) ϭ 2.58. Taken together, these findings, along with the comparative lack of expertise of third graders in division, leads us to reject the hypothesis of mental calculation by the children in our study. Nevertheless, the problem-size effect exhibited by these third graders remains to be explained. We will attempt to do so following the discussion of comparisons between individual numbers.
Comparative speeds for classifying individual numbers. If, as the present results suggest, children do not use a mental calculation strategy when extracting parity information from Arabic numerals, the question remains as to how they arrive at such judgments. The data that are relevant to this problem are the comparative speeds of classifying individual numbers comprising the odd and even subsets. While there were no pairwise differences between numbers within either of these subsets for third graders, there were such differences from the fourth grade on. For the most part, these differences were consistent not only across the upper grade levels in this study, but also with the differences exhibited by the college students in the Dehaene et al. (1993) study (Experiment 1). Basically, for even numbers, responses tended to be faster to the numbers 2, 4, and 8 than to 0 and 6 (see Fig. 1 ). This is exactly what Dehaene et al. reported for their adult participants. Furthermore, these investigators contend that since the numbers 2, 4, and 8 share the common semantic property of powers of 2, this finding is consistent with the hypothesis that parity information is retrieved from semantic memory, rather than being calculated mentally. Dehaene et al. also argue that their finding of a quadratic trend among odd numbers, with 3, 5, and 7 classified faster than 1 or 9, reflects more rapid extraction of parity for odd numbers that share the common property of prime numbers. In other words, they assert that as there is only one prime even number (2), prime numbers may elicit a fast response of "odd." As it turns out, in the present study, both sixth and eighth graders exhibited the same kind of significant quadratic trend for odd numbers.
With respect to the comparatively slow responses to both 0 and 1 exhibited by college students, Dehaene et al. reasoned that this might occur because in school, children are taught the series of even numbers starting with 2, yielding the intuitive notion that odd/even status is familiar solely for numbers larger than 2. Several features of our data are relevant to this hypothesis. First, from the fourth grade on, the greatest percentage of errors occurred when judging the parity of 0 and 1. Second, as Dehaene et al. found, and as can be observed in Fig. 1 of the present study, RTs were slowest to these numbers as well, although primarily at the sixth and eighth grades. The fact that the comparative slowness to 0 and 1 did not emerge until the fourth grade appears problematic for the Dehaene et al. hypothesis, as one might expect to find this effect to be strongest at earlier grades, where the more formal instruction of odd/even classification is inaugurated.
That third graders' parity judgments of 0 and 1 were not slower than their responses to larger numbers brings us back to the issue of the significant problem-size effect exhibited at this age. How can we explain their slower RTs for larger valued numbers? As children are not yet proficient in their division skills at this grade level, it is unlikely that they would be able to make reliable use of a mental calculation strategy to arrive at a parity judgment. Furthermore, recall that unlike the fourth through eighth graders, the third graders did not respond faster to even numbers that are powers of 2 than to even numbers that are not. Additionally, they did not exhibit a significant quadratic trend in their RTs to the subset of odd numbers (i.e., faster to 3, 5, and 7 than to 1 and 9), indicating that prime numbers did not evoke a quick response of "odd." Taken together, these findings suggest that unlike the older children in this study, the third graders had not as yet mentally represented a cluster of semantic numerical features such that they could access parity information directly from memory.
If the third graders did not extract parity by means of a mental calculation strategy, and if they did not retrieve this information directly from memory, then the problem-size effect remains to be explained. Our reasoning is that if third graders are not yet skilled enough to quickly calculate divisibility of a target number by 2, nor familiar enough with concepts of either powers of 2 or prime numbers to have adequately represented such clusters of numerical properties in semantic memory, then they would have to default to a simpler strategy. We suggest that they may have used the tactic of skip counting by 2s. In adopting such a strategy, one would probably start counting from 2 until either arriving at an even number that matches the target or else recognizing that the target number has been exceeded and then concluding that it is odd (e.g., counting "2, 4, 6," when the target is 5). Evidence consistent with the use of such a strategy would be a significant, increasing linear trend in RTs for even numbers as a function of magnitude, excluding 0. Computing the polynomial contrast in fact yields this result, F(1, 17) ϭ 5.36. An additional outcome that should emerge from use of this strategy is slower RTs for the odd numbers, which indeed occurred at this grade level. Parenthetically, we (Berch & Trich Kremer, 1998) have recently found that even adults may default to a skip-counting strategy if required to make a speeded parity judgment under more difficult conditions (i.e., when asked to make same/different judgments of the parity of two single-digit numbers).
Taken together then, the RT patterns in our data indicate rather clearly that when attempting to make online parity judgments of Arabic numerals, school-age children do not employ a mental calculation strategy. Instead, at an early elementary level (third grade), they appear to accomplish this task by adopting a skip-counting strategy (at least for even numbers), while by fourth grade, they arrive at their judgments by directly accessing parity information from semantic memory. These findings also help to resolve the apparently discrepant results emanating from the use of the product verification task and the similarity judgment task, which were discussed earlier. Specifically, as the children in the present experiment did not make use of a mental calculation strategy, our results are consistent with the contention of Lemaire and Fayol (1995) that children may directly access parity information from memory in a product verification task, thereby precluding the need for retrieving multiplication facts. Concomitantly, the results of the present study demonstrate that children can perform rather successfully (i.e., both rapidly and accurately) in an online, odd/even classification task, despite the fact that they may be unlikely to make use of parity information in a similarity judgment task. The take-home message from all this is that if children make no use of parity information in tasks that do not directly require odd/even judgments, one should not necessarily conclude that such failures indicate an insensitivity to multiplicative relations.
The SNARC Effect
One of the most important findings of the present study is that the SNARC effect emerged as early as the third-grade level, where small numbers (0 and 1) were judged faster with the left than with the right hand, while large numbers (8 and 9) were judged faster with the right than with the left hand. Of course, that the second graders failed to exhibit this effect does not necessarily imply that magnitude information was not obligatorily activated for them in this task. Nor does it imply that such information is not represented along an analog, left-toright oriented mental number line at this age. Indeed, there is a fair amount of evidence to support the existence of at least some sort of preverbal, analog medium for representing numerosity in children as young as preschool age, if not younger (Gallistel & Gelman, 1992) . That the SNARC effect (and some of the other effects for that matter) did not emerge for the second graders may be attributable in part to their comparatively slow RTs, if not the high level of both between-trial and between-subject variability in their latency data.
Although the SNARC effect was exhibited by both third and fourth graders, it was attenuated in sixth and eighth graders in the sense that it materialized only for the odd set of numbers. Apparently, the effect was weakened because of the emergence of a MARC effect at these grade levels. More specifically, for sixth graders, responses were faster to even numbers when the correct response was on the right side, but faster to odd numbers when the correct response was on the left. Apparently, this effect segregates the odd and even subsets so that it counteracts the downward trend of the right-key minus left-key differences as a function of target magnitude by depressing the differences among the numbers within the odd and even subsets. The MARC effect also occurred at the eighthgrade level, but was limited to the subset of even numbers. As noted earlier, although the MARC effect has been demonstrated in adults when judging number words (and Roman numerals), it did not emerge for Arabic numerals (Iversen & Willmes, 1996) . Iversen and Willmes contend that this outcome can be attributed to the masking of linguistic influences by the comparatively strong link between covert Arabic number representations and their analog magnitude representations on the mental number line. Concomitantly, the results for our sixth and eighth graders suggest that just the opposite is happening with them: Linguistic influences override the spatial-numerical associations. However, why this effect does not appear until middle childhood and then seems to reverse itself in adulthood is by no means obvious. At the very least, however, the demonstration of such developmental changes indicates the need for further examination of the ways in which supplementary layers of semantic/linguistic representations of numerical information come to play a role in the mental representation of magnitude and parity.
Pedagogical Implications of the Present Findings
With respect to acquiring the concepts of odd and even, the Ohio Department of Education's Model Competency-Based Mathematics Program specifies the following objectives: (a) in first grade, skip counting; (b) in second grade, the student should be able to develop the concept of odd and even using concrete materials; and (c) in third grade, students should be able to relate even numbers to division by 2. Although the latter procedure comprises the formal definition of the odd/even status of numbers, our data indicate that it does not constitute the process by which parity judgments are in fact arrived at by children. This is not to suggest that the objective of having youngsters learn the relationship between divisibility by 2 and even numbers is inconsequential. Quite the contrary, given that this algorithmic knowledge is crucial for achieving a thorough understanding of odd/even classification. Nevertheless, our data suggest that during the thirdgrade year, most students are likely to be shifting from a more intuitive understanding of odd/even status, based on the use of a skip-counting strategy, to a more formal understanding of the definition of "even," based on divisibility by 2. This means that at the very least, teachers should not necessarily assume that this transition is smooth or direct. Rather, instructional techniques that build on children's intuitive understanding are ones most likely to aid them in recognizing the meaning underlying the algorithm, and in turn the importance of the calculation approach for comprehending other facets of mathematics. Moreover, it may not be appropriate to expect this understanding to be attained until at least the fourth grade, when division operations are taught in greater depth. Finally, educators should realize that even if fourth graders are capable of using the calculation approach to determining the odd/even status of any given number, these children are likely to arrive at such judgments by directly accessing parity information from semantic memory, at least for single-digit numbers.
Conclusion
While we believe that the present study has illuminated some of the basic components concerning the mental representation and extraction of number parity and magnitude, much remains to be accomplished if functional cognitive architectures are to adequately characterize children's evolving concepts of parity information. For example, that the young child's emerging understanding of the concept of an odd number is particularly fragile can be illustrated in part by the following vignette depicting an exchange between a 7-year-old child using the restroom and her mother who was waiting patiently for her to finish, overheard by one of the coauthors: CHILD: 2, 4, 6, 8, . . . , 22, 24, 26, . . . , 36, 38 
